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We have made significant progress towards the development of models for 
predicting the radiation from buoyant turbulent diffusion flames for various 
fuels and oXidants in terms of tabulated "fundamental" composition proper
ties. Two approaches have been taken: (1) development of a global algebraic 
model for the thermal radiation from buoyant turbulent-jet diffusion flamesj 
and 2) development of scaling relationships for flame radiation through the 
use of three parameters: two parameters representing the overall buoyancy 
flux and the buoyancy due to individual flameletsj and a new radiation para
meter relating the radiant losses to the convective heat flow rate. These 
models utilize experimental data obtained in this study and at other laborar ' 
tories. Our greater understanding of the roles of gaseous radiant emission 
and soot radiant extinction provides a platform for descri bing wall-fire and 
turbulent- jet flame radiation in terms of fundamental properties and the 

r . fuel smoke point. 
l _ 

Our aim in developing a global algebraic model of flame radiation from 
buoyant, axisymmetric, turbulent-jets is to conserve mass, momentum, species 
and energy for the flame taken as a whole. The effects of soot production 
and extinction can be included in this model once we describe the gaseous 

( . radiation in the absence of soot. Low sooting fuels such as H2, CH4' C2H6' 
etc. have smaller radiant fractions (0.15 < Xr < 0.25) since most of their 

\ - flame radiation originates from gaseous products of combustion (H20 and 
CO 2), More sooty fuels, such as C2H2, C2H4' etc. have larger XR (0.35 < XR) 
due to their copious generation of soot. This increase in radiant loss 
fraction with increasing soot causes a strong decrease in the effecti ve 

i 
flame radiation temperature and consequent radiant emission from the gaseous 
species. Hence, it takes a many-fold increase in the soot volume fraction 
to increase radiant fraction from 0.2 to 0.4. Our model for gaseous radia
tion (see Figure 1) requires the following empirical inputs: 1) McCaffrey'sl 
correlations of his centerline thermocouple measurements and observed flame 

, - tip heights; 2) the entrainment constant for buoyant axisymmetric turbulent 
flows; 3) a radiation temperature correction factor based on Markstein's2, " 

measured effective flame radiation temperature; and 4) thermophysical, chem

ical and radiant properties of the flame configuration. Predicted radiant
 
fractions for typical hydrocarbon fuels with no incomplete products of com


~ " bustion and no soot radiant emission are around 12%, which is close to the
 
15% suggested by the literature. We are currently setting up instrumenta


r '; tion to measure the incompleteness of combustion, which is required by all 
1 
1 • our models. 

In a parallel analysis we have developed a scaling relationship for XrI 
and for flame heights. This analysis shows that in addi tion to the usuall hydrodynamic mixing-combustion length-scale, one has a radiative cooling 
length-~cale which results in radia.ti ve flame heights being proportional to 
either Q,1/2 for planar flames or Q1/3 for axisymmetric flames in agreementH wi th the recent measurements descri bed below. An empirical correlation for 
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luminous flames based on the fuel sm<:,ke-foint, is' but neglecting gas radia
tion effects, suggests that XR - is 1/ and explains much of the observed 
dependence on ambient vitiation and oxygen enri chment, as shown in Figures 2 
and 3. This empirical relationship was derived by arguing that XR is a 
function of the ratio of the hydrodynamic to the radiati ve cooling length
scale. The same scaling concepts have been extended to momentum controlled 
flame jets and are consistent with our previous measurements of these fires. 
One should observe that the dependence of .U:e 4'adiant fraction on the 
"smokiness" of the fuel is weak (i.e. XR T - Qs 1/ ) relaq ve to the depen
dence of the soot concentration on "smOkiness'P (Ys - 1/Qsp)' This weak 
dependence is at tri buted to the cooling of the flames owi ng to the radiant 
losses. The present scaling analysis will be incorporated in turbulence 
models for predicting soot concentrations, flame radiation and soot yields 
in turbulent jet flames. 

Much of our information on the distribution of thermal radiation for the 
preceding models has come from detailed studies of axisymmetric and planar 
turbulent- jet flames as well as wall flames. In experiments with aXisymmet
ric turbulent buoyant-jet flames in a controlled environment enclosure: 1) 
we have measured the radiant fraction for several hydrocarbon fuels over 
broad ranges of ambient 02/N2 environments and fuel jet dilutions with N2 ; 
2) we have correlated the measured radiant fractions (see Figure 4) in terms 
of (i) the fuel mixture/oxidant adiabatic stoichiometric flame temperature, 
Tad; (ii) the mass of oxidant required to stoichiometrically react with unit 
mass of fuel, S, (the correlation in Figure 4 is for S > 12) and (iii) the 
observed radiant fraction, d of the fuel under "standard conditions" (e.g. 
T!d = 2200K and S* = 12), ana finally 3) successfully correlated (see Figure 
2) the values of X~ under standard condi tiona against the laminar smoke
point values also under standard conditions. By making the turbulent to 
laminar flame comparison at standard conditions, the correlation is improved 
because one eliminates the effects of non-standard Tad and S which have 
quantitatively different influences on smoke-point and turbulent flame radi
ation. This empirical result represents a significant milestone because it 
allows one to predict the turbulent flame radiation from burning fuel jets 
by knowing only Tad' S and the fuel's smoke point. 

We have simulated wall fires of solid fuels in a separate study by burn
ing gaseous hydrocarbon fuels on a water-cooled vertical porous metal 
surface under steady-state condi tiona. The burner of 380 mm width is sub
divided into a number of panels of equal height (132 mm), so that the simu
lated pyrolysis height can be varied by the choice of the number of fuel
supplying panels. Currently. five panels topped by a water-cooled heat 
transfer plate are used, prOViding an overall height of 2.2 m. Water-cooled 
sidewalls prOVide two-dimensional flame structure. In addi tion to porous , " 

wall fires, a slot burner, placed either adj acent to a heat transfer plate 
or free burning between sidewalls, produces planar turbulent-jet flames 
while a nozzle produces axisymmetric jet flames. Instrumentation used in ." 
this second study includes a wide-view-angle radiometer for measuring the 
total radiant emission from the flames, and a scanning slit radiometer for 
obtaining the vertical distribution (see Figure 5) of radiant power per unit 
height emitted by narrow horizontal slices across the flames. The scan is t if 

obtained by an electromagnetically deflected plane front surface mirror 
operated in a linear ramp mode. Both instruments employ spectrally flat If ~ 

sensors. L~ 

Four fuels of varying sooting tendency, methane, ethane, ethylene and 
propylene were selected for this study. One of the important results of the H 
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work concerns the radiati ve fraction Xr of total heat-release rate for the 
various flame configurations and fuels. Values of Xr averaged over the 
range of heat-release rates of about 10 to 60 kW are presented in Table 1. 

Table 1. Average Radiative Fractions 

Slot Burner 
Fuel Jet Flame Free-Burning Against Wall 

CH4 .200 .182 .143 

C2H6 

C2H4 

C3H6 

.240 

.372 

.445 

.239 

.371 

.440 

.168 

.240 

.313 

The values for free-burning slot-burner flames are only slightly reduced 
with respect to those for jet flames, but placing the slot burner adjacent 
to the wall is seen to cause substantial reductions of Xr • However, all 
three flame configurations show the same trend with fuel sooting tendency 
and thus the quanti tati ve relationship between Xr and fuel smoke point 
established previously for jet flames can certainly be applied also to free
burning slot-burner flames, and presumably can be generalized for applica
tion ~o wall flames. Power-law exponents relating Xr to total heat-release 
rate Qtot' averaged over the four fuels, were 0.04 ± 0.07 for jet flames, 
0.08 ± 0.04 for free-burning slot-burner flames, and 0.18 ± 0.02 for slot
burner flames adj acent to the wall. Res ul ts of current wor k wi th the 
porous-metal burner are still incomplete, but indicate further reductions of 
Xr relative to those obtained with the slot burner adjacent to the wall, as 
well as further increases of the power-law exponents. 

The vertical distri butions of radiant emission per unit height differed 
significantly for the various flame configurations, as shown in Figure 5. 
Free-burning slot-burner flames show steeper rise and decay of radiant emis
sion than jet flames; placing the slot burner against the wall reduces the 
peak radiant emission drastically and nearly doubles the height required for 
burnout. 

The vertical distributions for jet and slot-burner flames exhibit simi
larity with respect to heat-r.elease rate. For each flame configuration and 
fuel, the distributions for various heat-release rates can be collapsed into 
a single dimensionless plot, as seen in Figure 6, by introducing a normaliz
ing length parameter proportional to the variance of the individual distri 
bution. The power-law exponents of this flame-length parameter with respect 
to heat-release rate are, as noted above in connection with model develop
ment, about 1/3 for jet flames and about 1/2 for slot-burner flames, in con
trast to the flame-height exponents of 2/5 for jet flames and 2/3 for slot
burner flames derived from fluid-dynamic similarity. Again, reSUlts 
obtained with the porous-metal wall burner are incomplete, but are being 
evaluated to see whether similarity relationships can be formulated for the 
distributions of radiant emission from these actual wall fires. 
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Fig. 1: A general correla
tion of homogeneous gas 
emissivity including para
meter values of interest 
for typical fires. ("Modak 
values" come from curve 
fits which match and extend 
experimental values from 
Hottel. ) 

Fig. 2: Radiant fraction 
for varying adiabatic 
temperature and stoi ch
iometric ratio S > 12 
(the chemical system is 
Fuel - N2/02 - N2) 
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Radiant Emission Shown in Fig. 1. 
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